Adsorption onto powdered activated carbon (PAC) is a promising technique for the removal of organic micropollutants (OMPs) from treated wastewater. To enhance the adsorption efficiency, PAC is recycled back into the adsorption stage. This technique was examined in pilot scale in comparison to a reference without recirculation. Coagulation with Fe 3þ was carried out simultaneously to adsorption. Extensive OMP measurements showed that recirculation significantly increased OMP eliminations. Thus, significant PAC savings were feasible. The PAC concentration in the contact reactor proved to be an important operating parameter that can be surrogated by the easily measurable total suspended solids (TSS) concentration. OMP eliminations increased with increasing TSS concentrations. At 20 mg PAC L À1 and 2.8 g TSS L À1 in the contact reactor, well-adsorbable carbamazepine was eliminated by 97%, moderately adsorbable diclofenac was eliminated by 92% and poorly-adsorbable acesulfame was eliminated by 54% in comparison to 49%, 35% and 18%, respectively, without recirculation. The recirculation system represents an efficient technique, as the PAC's adsorption capacity is practically completely used. Small PAC dosages yield high OMP eliminations. Poorly-adsorbable gabapentin was eliminated to an unexpectedly high degree. A laboratory-scale biomass inhibition study showed that aerobic biodegradation removed gabapentin in addition to adsorption.
INTRODUCTION
Adsorption of OMPs onto PAC is a promising option to reduce OMP emissions from wastewater treatment plants (WWTPs) into the aquatic environment ( Jekel et al. ; Margot et al. ) . Typically, PAC is dosed in front of a contact reactor where coagulation and adsorption take place simultaneously before entering sedimentation. For higher loadings and a more efficient use of the activated carbon, settled solids including partly-loaded PAC can be recirculated back into the adsorption stage. This increases PAC retention time and re-establishes the concentration gradient between PAC surface and the influent water, and thus increases OMP elimination (Metzger ) . In spite of short hydraulic retention times (HRTs) of approximately 30 min, PAC is in approximate equilibrium with effluent concentrations (Meinel et al. ) . Advanced wastewater treatment involving PAC recirculation has been successfully investigated and established in an industrial scale (Metzger et al. ) . However, there is still a lack of in-depth understanding of the influence factors on OMP elimination, which is best to be addressed on a pilot scale.
Another process option for efficient PAC use is PAC dosage prior to rapid filtration with or without coagulation (Altmann et al. ; Meinel et al. ) . As PAC remains immobilized within the filter bed, its retention time is extended, exceeding the HRT. An additional OMP removal is caused by the remaining adsorption capacity in the immobilized PAC.
In all cases, background organic matter (BOM), present in the mg L À1 concentration range, competes with OMP for adsorption sites (Najm et al. ; Worch ) . During multi-stage adsorption in treated domestic wastewater, poorly adsorbable OMPs are not displaced by well-adsorbable BOM and competition is shown to remain constant in each stage (Zietzschmann et al. ) . However, varying dissolved organic carbon (DOC) influent concentrations as well as variations in DOC composition may exert an influence on eliminations in the pilot plant, as observed in labscale experiments (Zoschke et al. ; Zietzschmann et al. ) . The examined diluted wastewater has comparably high DOC concentrations arising mainly from effluent organic matter (EfOM).
The present study aims at studying OMP adsorption efficiencies with PAC sludge recirculation on a pilot scale in comparison to a reference without recirculation. Investigated OMPs include well-adsorbable compounds such as carbamazepine (CBZ) and benzotriazole, moderately adsorbable compounds such as sulfamethoxazole and diclofenac and poorly adsorbable compounds such as acesulfame, gabapentin or diatrizoic acid, respectively.
The influence of factors such as PAC concentration in the contact reactor, HRT and sludge age is quantified and evaluated. Previous findings that adsorption in the recirculation system is most efficient at low PAC doses (Meinel et al. ) are reviewed on a pilot scale. A potential biodegradation of specific compounds is examined in addition to adsorptive removal.
METHODS

Materials
Activated carbon was AquaSorb 5000 P, PAC-S (Jacobi, Germany), which was delivered pre-moistened with approximately 38-44% water content to minimize dust formation and enhance wettability. PAC stock suspensions contained 5-10 g PAC L À1 . A coagulant solution of 19.4 g Fe 3þ L À1 was prepared batchwise by diluting a commercial Fe 2 (SO 4 ) 3 solution. As flocculant, anionic polymer (AP 95 ISEP, SNF, France) was used in aqueous solutions of 1.0-1.1 g L À1 . All stock suspensions and solutions were prepared batchwise with tap water due to the great volumes needed. However, as the PAC concentrations in the stock solution were comparably high, no negative impacts of dissolved organics from the tap water on adsorption capacities are expected.
Analytical methods
Samples were immediately filtered through a pre-washed 0.45 μm cellulose acetate membrane (Sartorius, Germany). A set of OMPs, including the evaluated indicator substances sulfamethoxazole (SMX) and CBZ, were analysed by liquid chromatography with tandem mass spectrometry as described in detail by Zietzschmann et al. () . A complete list of the measured OMPs including limits of quantification can be found in the supporting information (SI) (available with the online version of this paper). If effluent concentrations were below the limit of quantification (LoQ), there are two methods of presentation. Where possible, two limits are shown with the actual elimination lying in between. 'Conservative estimates' representing the lower elimination limit are based on effluent concentrations (c ef ) ¼ LoQ, where c ef < LoQ. 'Optimistic estimates' are based on c ef ¼ 0 where c ef > LoQ and represent the upper elimination limit. Where single values are interpreted, eliminations are based on c ef ¼ 0.5 LoQ.
DOC was measured according to DIN EN 1484 (H3), total phosphorus (TP) and soluble phosphorus (sP) were measured according to DIN EN ISO 11885 (E22), soluble reactive phosphorus (srP) was measured according to DIN EN ISO 6878 and ultraviolet light absorption at a wavelength of 254 nm (UV 254 ) was analyzed according to DIN 38404-C03.
Pilot plant
At the phosphorus elimination plant (PEP) in Berlin Tegel, phosphorus was removed from treated wastewater via coagulation, sedimentation and rapid dual-media filtration before entering Lake Tegel. PEP Tegel influent mainly consisted of secondary effluent and surface water (Schimmelpfennig et al. ) and had a mean DOC concentration of 10.6 mg L À1 and a mean TP concentration of 0.30 mg L À1 . A detailed water characterization is given in the SI. At the PEP, phosphorus was eliminated down to effluent concentrations of 23 μg P L À1 (annual mean value, 2014). As OMP elimination techniques had to be projected in addition to the existing phosphorus removal, the pilot plant was constructed on the site of the existing PEP Tegel using the same influent water.
Before entering the pilot plant, PEP Tegel influent was mechanically treated by a coarse screen (30 mm) and a coarse sieve (6 mm). The PAC stock suspension was continuously pumped into the feed pipe (target doses: 10-30 mg PAC L À1 ). Coagulant was added just after the PAC inlet with a constant concentration of 10 mg Fe 3þ L À1 . A static mixer was used to provide adequate mixing, before the inlet was fed into the three-chamber contact reactor (approximately 0.38 m 3 each). One or three chambers were integrated in the process to vary adsorption times. As preliminary tests including visual comparison of floc sizes during commissioning of the pilot plant showed that flocculant dosage is indispensable for the separation of solids in the sedimentation stage, flocculant was dosed into the second chamber with a constant dosage of 0.3 mg L À1 . After sedimentation, the clear water phase was fed to the filter, while the PAC sludge could be recirculated back into the contact reactor. Excess sludge was weekly discharged from the settling cyclone. A schematic of the pilot plant is shown in Figure 1 .
The filter contained pumice as upper filtration layer (grain size: 2.0-3.0 mm) and sand (0.71-1.25 mm) as lower filtration layer. It was operated with a filter velocity of 8.5 m h À1 at a constant flow rate of 600 L h À1 and backwashed every 24 h.
Three sampling points were equipped with refrigerated automated samplers for 24-h composite samples: influent, filter's inlet and filter's outlet. For monitoring TSS concentrations in the contact reactor and the recycle sludge, daily grab samples were taken. Sampling took place a maximum of four times a week, trial phases lasted 2-7 weeks and there were 6-16 sampling campaigns per trial phase (cf. Table 1 ).
The overall retention time of sludge in the system (or mean carbon residence time) is referred to as sludge age, as described in detail in the SI. The HRT is the quotient of volume and flow rate of the contact reactor.
Since sludge age was between 7 and 25 d, a trial phasedependent inertia was system inherent and considered in the evaluation of the trial phases. Only manually selected days during steady-state operation were included in data evaluation. Applied criteria were stable OMP eliminations, stable PAC dosage and stable TSS concentration in the contact reactor.
The volumetric recycle ratio (VRR) describes the percentage of the influent volume flow that was recycled back into the contact reactor. The TSS concentration was used as an easily measurable surrogate parameter for the PAC concentration in the contact reactor, as with equal PAC doses and comparably low or constant influent TSS concentrations, the share of PAC in the sludge TSS was largely constant at approximately 40% (details are given in the SI).
During commissioning of the pilot plant, stirring velocities in the contact reactor were varied to optimize flocculation. High turbulences led to high shear forces that resulted in floc destruction, as visually validated. Thus, turbulences optimal for adsorption could not be realized in the contact reactor for the sake of a functioning sedimentation. This may be a factor that decreased OMP eliminations. On the other hand, partial sedimentation of the flocs occurring in the contact reactor that was observed at low turbulences may have led to increased TSS concentrations and, thus, to an increase in OMP eliminations. The latter was hard to quantify, but accounted only for a very small portion of the contact reactor volume. Both opposite effects could especially be expected in phases with low flow rates.
Laboratory-scale biomass inhibition study
To study biodegradation taking place simultaneously with adsorption, PAC sludge was spiked with OMP and stirred under aerobic conditions comparing inhibited and non-inhibited tests. PAC sludge was taken from the recycle pipe of the pilot plant and filled into 3 × 1 L Schott flasks. In two of the flasks biomass was inhibited by dosing 50 mg HgCl 2 g TSS À1 (300 mg L À1 ) and 200 mg NaN 3 g TSS À1 (1,200 mg L À1 ) and allowing them to react for 2 h, as described by Hamon et al. () . After 2 h, the sludge contained in all flasks was filled into stirred open beakers to allow air contact. A mix of OMPs containing approximately 1 μg L À1 of GAB, IOM, VAL, and others, respectively, was spiked into the sludge before stirring for 29 h. A complete list of spiked OMPs is given in the SI.
For each sampling, 100 mL sludge, respectively, was taken and settled for 5 min. This step was necessary due to the high TSS concentration, as only the clear water phase is removed with a syringe and filtered through a 0.45 μm membrane. First sampling is conducted directly after spiking at time ¼ 0.
RESULTS AND DISCUSSION
Influence of operating parameters
Initially, PAC sludge was recycled in different VRR to examine the influence of varying PAC concentrations in the contact reactor on OMP elimination (Table 1 ). The PAC dose was constant at 20 mg L À1 and all three chambers of the contact reactor were in use. Subsequently, the influent flow rate was reduced and only one reactor chamber was used. Due to volume flow-dependent sedimentation properties, TSS concentrations increased further in the PAC sludge and, thus, in the contact reactor.
Absolute effluent concentrations of TSS and TP were stable and equivalent to large-scale PEP Tegel concentrations during recirculation operation (TP 25 μg L À1 ; TSS < 1 mg L À1 ). Relative eliminations of phosphorus and organic sum parameters are given in the SI.
HRT remained constant at constant influent flow rates and tank volumes, independently of the VRR: at a 100% VRR, retention time in the contact reactor is divided by two, but the water passes the reactor twice. However, any variation in VRR simultaneously changes TSS concentrations and sludge age (cf. Table 1 ). The latter is influenced indirectly, via the TSS mass in the system, due to volume flow-dependent sedimentation properties. Separated examinations of these parameters are not feasible. However, both influencing factors are evaluated and presented in the following discussion. According to selected indicator substances for PAC adsorption (Jekel et al. ) , SMX (moderately adsorbable) and CBZ (well adsorbable) are presented. More OMPs including a summary of all OMPs are shown in the SI (available with the online version of this paper; see also Figure 3 ). Figure 2 shows eliminations of CBZ, SMX and DOC as a function of TSS concentration in the contact reactor. Correlations can be seen in all cases with comparably high variations without recirculation: PAC sludge recirculation considerably increased OMP and DOC eliminations. SMX removal is subject to strong variations. One reason might be that effluent concentrations occasionally fell below LoQ due to low influent concentrations. Another factor fostering comparably poor and highly varying OMP and DOC eliminations in the reference phase without recirculation might have been be the lack of turbulence, as stated above. Although a great part of DOC removal is due to coagulation (cf. Altmann et al. b; Meinel et al. ) , which was equal in all phases, the increase of DOC elimination with recirculation is clearly visible. Within recirculation phases, DOC shows a slight trend towards higher eliminations at higher TSS concentrations. Mean eliminations without recirculation were 49% (CBZ), 34% (SMX) and 28% (DOC), while with recirculation at 2.8 g TSS L À1 , eliminations were 97%, 76% and 46%, respectively.
Without recirculation, only a small part of the PAC's capacity could be used due to the short adsorption time. With recirculation, PAC and dissolved compounds approached an equilibrium, as the contact time was widely extended and the concentration gradient was continually re-established. As higher loadings were achieved at low PAC doses, OMP eliminations increased only moderately with increasing PAC concentrations in the contact reactor within recirculation phases.
Sludge age showed no considerable influence on OMP and DOC eliminations, as it was very long in all phases (>7 d; cf. SI).
Influence of the PAC dose
Highest eliminations for OMPs as well as UV 254 and DOC were achieved with maximum TSS concentrations in the contact reactor. At 20 mg PAC L À1 and high TSS concentrations in the contact reactor, moderately and welladsorbable components such as 4-formylaminoantipyrine, diclofenac, CBZ, metoprolol and benzotriazole were eliminated by more than 85%. Weakly adsorbable components were removed by 31% (diatrizoic acid), and in the range of 54-67% (gabapentin, acesulfame and iopromide), respectively.
These settings are studied with PAC dosages of 10-30 mg PAC L À1 . OMP eliminations are shown in Figure 3 . Eliminations are substance-specific and range from 20% to 100%. Even weakly adsorbable compounds such as diatrizoic acid, gabapentin, acesulfame and iopromide exhibit high eliminations up to 67%. In general, OMP removals were similar to those observed in the large-scale adsorption stage in the WWTP Mannheim (300 L/s) at a likewise comparatively high DOC concentration of approximately 11 mg/L in the influent of the adsorption stage and a similar design (Metzger et al. ) .
For many compounds, effluent concentrations were entirely (bezafibrate) or almost entirely (SMX, primidone, CBZ, metoprolol, benzotriazole) below LoQ. Therefore, no statement can be made concerning a possibly increased elimination of those substances. Other compounds, such as diatrizoic acid, gabapentin, acesulfame and iopromide are poorly adsorbable and subject to high fluctuations, complicating their evaluation.
The remaining compounds (4-formylaminoantipyrine, diclofenac) showed no substantial increase in elimination by an increased PAC dose (factor 2-3). This seems surprising; however, laboratory-scale examinations and modeling showed that recirculation is particularly beneficial for low PAC doses (Meinel et al. ) : PAC loadings at lower PAC doses are significantly higher than at higher doses. This may at least partly explain why the PAC dose does not exert a visible influence on the elimination of selected OMPs.
Gabapentin showed an unexpected behavior with decreasing eliminations at increasing PAC doses. This could indicate that there was another factor besides adsorption playing a major role in GAB elimination. Given sludge ages !7 d and monthly average influent water temperatures of up to 21 W C, microbial growth is most likely to have been omnipresent in the system. As some of the investigated OMPs have been shown to be biodegradable under aerobic conditions, measured eliminations in some cases might have been due to biological activity additional to adsorption. Especially gabapentin, known for its weak adsorbability, was unexpectedly eliminated up to 40-60% in maximum recirculation phases. Thus, a laboratory-scale study incorporating pilot-plant PAC sludge was performed to verify biodegradation of gabapentin.
Laboratory-scale biomass inhibition study
The mean initial gabapentin concentration was 1.70 μg L À1 (average value of the three respective tests after spiking). Figure 4 shows In comparison to the 29 h reaction time, sludge ages in the pilot plant were up to 25 d, which likely led to higher GAB removal by biodegradation. This may explain the observed high GAB removals in the pilot plant. 
CONCLUSIONS
Recirculation of partly loaded PAC sludge leads to a strongly increased adsorption of OMP and DOC, as it allows for a practically complete use of the PAC's capacity by establishing an adsorption equilibrium. The TSS concentration in the contact reactor indicates the amount of PAC present in the system. It proved to be the most important control parameter for the elimination of dissolved organics. Maximum eliminations are observed at maximum TSS concentrations. However, OMP eliminations increased only moderately with increasing TSS concentrations in the recirculation system. Sludge age showed no considerable influence on OMP removal. During recirculation operation, an increase in PAC dosage did not considerably increase the eliminations of selected OMPs. This is due to the particularly high efficiency of the recirculation system at low PAC doses and verifies previously performed modeling and multi-stage batch test results. Continued research is encouraged to gain knowledge about the limits of this effect, as even further PAC savings may be possible.
As the investigations were carried out under conditions similar to large-scale applications, the obtained results are potentially transferable to these systems. However, as only limited sample numbers were studied and as OMP eliminations depend on a variety of additional factors, the results first have to be validated on a large scale.
Poorly adsorbable gabapentin is eliminated to 40-60% in the maximum recirculation phases. A biomass inhibition batch test indicates that biodegradation decreases gabapentin concentrations in addition to adsorptive removal.
